We investigated the role of mitochondrial function in the invasiveness of human colorectal cancer (CRC) cell lines, using paired primary SW480 and metastatic SW620 cells, and appraised the clinical relevance of the alteration of mtDNA copy number in 33 pairs of CRC specimens after surgical resection. Suppression of mitochondrial function was achieved by the exposure of cells to oligomycin A (OA) or by knockdown of mitochondrial transcriptional factor A (TFAM) to evaluate their effects on energy metabolism, reactive oxygen species, protein expression levels of epithelialmesenchymal transition (EMT) markers and invasive activity of CRC cells. We found that SW620 cells expressed higher levels of TFAM and mitochondrial DNA (mtDNA)-encoded NADH dehydrogenase subunit 6 (ND6) and cytochrome c oxidase subunit II (COX-II) and nuclear DNA-encoded NADH ubiquinone oxidoreductase subunit A9 (NDUFA9), iron-sulfur protein subunit B of succinate dehydrogenase (SDHB), ubiquinol-cytochrome c reductase core protein I/II (UQCRC1/2) and cytochrome c oxidase subunit IV (COX-IV) when compared with the SW480 cells. The mtDNA copy number, ADP-triggered oxygen consumption rate (OCR) and respiratory control ratio (RCR) of succinate-supported respiration in the SW620 cells were higher than those noted in the SW480 cells. The intracellular levels of H 2 O 2 and O 2 -• in the SW620 cells were lower than levels noted in the SW480 cells. Moreover, SW620 cells displayed lower protein levels of hexokinase II (HK-II), glucose 6-phosphate isomerase (GPI) and lactate dehydrogenase (LDH), and lower lactate production rate, and expressed higher levels of EMT markers N-cadherin, vimentin and Snail, and showed higher Transwell migration and invasion activities as compared with the SW480 cells. After OA treatment, SW620 cells exhibited a decrease in OCR and RCR of succinate-supported respiration, an increase in lactate production rate and intracellular levels of H 2 O 2 and O 2 -• . Moreover, the level of vimentin and Transwell migration activity of the SW620 cells were decreased. After TFAM knockdown, the protein levels of TFAM, ND6 and COX-II, and mtDNA copy number, OCR and RCR of succinate-supported respiration in the SW620-KD#4 and SW620-KD#5 cells were all lower than those noted in the SW620-Control cells. By contrast, the protein level of HK-II, lactate production rate, the intracellular levels of H 2 O 2 and O 2 -• in the SW620-KD#4 and SW620-KD#5 cells were all higher than those noted in the SW620-Control cells. Subsequently, both SW620-KD#4 and SW620-KD#5 cells had lower Transwell invasion activity than did the SW620-Control cells. Furthermore, we found that deeper invasion (P=0.025) and longer tumor length (P=0.069) were associated with higher mtDNA copy ratios in the 33 pairs of CRC specimens obtained from surgical resection. Taken together, we conclude that higher mtDNA copy number and mitochondrial function may confer an invasive advantage to CRCs.
Control and Prevention, USA: http://www.cdc.gov/cancer/ colorectal/). Due to the invasive property, CRC may cause direct tissue invasion, regional lymph node involvement or distant organ metastasis, which culminates in incurable or life-threatening disease (1) . With regard to the regulation of CRC invasiveness, most studies have focused on oncogenes or tumor-suppressor genes. However, the role of mitochondria in CRC remains unclear (2, 3) .
In the early 20th century, Dr Warburg described that human cancers display an avid glucose uptake with profound lactate production even under a sufficient oxygen supply (4) . He proposed that respiratory enzymes are impaired or suppressed in human cancers. Such a phenomenon was termed the Warburg effect, and the enhanced glycolysis was supposed to compensate for the 'defective or suppressed mitochondria' to produce a sufficient amount of ATP (5, 6) .
Mitochondria are the major organelles responsible for ATP production through the Krebs cycle and electron transport chain (ETC) that consists of respiratory enzyme complexes I, II, III, IV and V (7) . Mitochondria have their own mtDNA copies packed in the nucleoid. In contrast to one set of nuclear DNA (nDNA) in the nucleus, there are several nucleoids distributed in the cytoplasmic mitochondria. The nucleoid is an efficient and constitutional unit of the mitochondrial network (8, 9) . Except that 4 polypeptides of complex II are all encoded by nDNA, ~90 polypeptides constituting the respiratory enzyme complexes I, III, IV and V are encoded by the nDNA and mtDNA cooperatively (10) . As a result, delicate regulation of mtDNA plays a pivotal role in the maintenance of mitochondrial biogenesis. Mitochondrial biogenesis or mitochondrial function is correlated positively with the amount of mtDNA, and a higher mtDNA copy number indicates higher mitochondrial function (11) . Several DNA-binding proteins are involved in the replication or transcription of mtDNA, and the mitochondrial transcriptional factor A (TFAM) is the unique one that regulates mtDNA replication and transcription in the nucleoid (12, 13) .
During the past 20 years, alterations in mtDNA and mitochondrial function have been evaluated in many human cancers (2, 14, 15) . Various studies have demonstrated an increase in mitochondrial function or mtDNA copy number during carcinogenesis or progression of human cancers, including skin (16, 17) , head and neck (18) , breast (19, 20) and esophageal cancer (21, 22) . On the contrary, other studies have shown suppressed or impaired mitochondrial function with amplified glycolysis or a decrease in mtDNA copy number during carcinogenesis or progression of cancers (23) , which include lung (24, 25) , renal (26, 27) , gastric (28) and hepatic cancer (29, 30) . Since TFAM plays a key role in the regulation of mitochondrial biogenesis, its involvement in human cancers has been appraised in endometrial, prostate and bladder cancer (31) (32) (33) . By means of TFAM knockdown to suppress mitochondrial function, we demonstrated a decrease in the invasive activity in an esophageal squamous cell carcinoma cell line, but an increase in invasive activity in a renal cell carcinoma cell line (22, 27) . In light of these findings, the role of mitochondria in human cancers deserves further study.
Likewise, the role of mitochondrial function in human CRCs has remained speculative and an appraisal of the role of mitochondrial function in human CRCs is clinically relevant. In the present study, we investigated the effects of the suppression of mitochondrial function, either induced by oligomycin A (OA) treatment or by TFAM knockdown, on the invasiveness of CRC cell lines (34) . The alterations in mtDNA copy number, metabolic profiles, intracellular ROS levels and expression of EMT markers were also examined. However, we analyzed the mtDNA copy numbers in 33 pairs of specimens from CRC patients. We believe that the findings of the present study may help us to better understand the pathophysiology of human CRC from the viewpoint of mitochondrial biology.
Materials and methods
CRC cell lines, cell viability and caspase 3 activity. Paired CRC cell lines, the primary SW480 (Amerian Type Culture Collection, ATCC, Manassas, VA, USA; CCL-228) and metastatic SW620 (ATCC, CCL-227), were used in the present study. They were established from the same CRC patient at different disease stages, i.e., SW480 from the primary adenocarcinoma at age of 50, Dukes' type B; and SW620 from the metastatic lymph node at age of 51 during recurrence, Dukes' type C (34, 35) . According to the gene analysis, their alterations were mainly those involved in the regulation of transcription, cell cycle control and division, cell signaling and cell adhesion as well as cell metabolism (36) . As a result, they are suitable for evaluation of the role of mitochondrial function in CRC invasion.
The culture medium was composed of Roswell Park Memorial Institute-1640 (RPMI-1640) with 10% fetal bovine serum (FBS), 2 g/l NaHCO 3 and antibiotics including 100 U/ml penicillin G, 100 µg/ml streptomycin sulfate and 0.25 µg/ml amphotericin B (37) .
OA, an inhibitor of respiratory enzyme complex V, was purchased from Merck Inc. (Darmstadt, Germany) to suppress mitochondrial function in the present study. The optimal concentration and duration of OA treatment (10 and 20 µg/ml for 24 or 48 h) were titrated and modified according to the assays for cell viability and caspase 3 activity as previously reported (38) (39) (40) .
A total of 5,000 SW620 cells suspended in 100 µl of growth medium were seeded on a 96-well plastic reader plate (Corning Glass Works, Corning, NY, USA) for 24 h to achieve the steady state. The culture medium was then changed to new ones with and without addition of OA (10 and 20 µg/ml) for 24 and 48 h, respectively. After incubation for 24 or 48 h at 37̊C, an additional 200 µl of 1X AlamarBlue™ reagent (Invitrogen) was added to the cells and further incubated for 1.5 h. The fluorescence intensity was measured by the Victor2 TM 1420 Multilabel Counter (Perkin-Elmer Life Sciences, Waltham, MA, USA) on a reader plate set at the excitation wavelength of 538 nm and emission wavelength of 590 nm (22) . The cell viability was calculated by the ratio between the fluorescence intensity of cells treated with OA to those without OA. Each experiment was repeated using 3 batches of culture cells (n=3). The data are presented as mean ± SD.
Caspase 3 activity was assayed by the EnzChek Caspase-3 Assay kit #2 (Molecular Probes, Eugene, OR, USA) (41) . An aliquot of 50 µl cellular protein lysate or lysis buffer (as blank control) was mixed with 50 µl of substrate working buffer (20 mM PIPES, 4 mM EDTA, 0.2% CHAPS, 10 mM dithio-threitol and 50 µM z-DEVD-R110 substrate, pH 7.4) at room temperature for 30 min. Due to the recognition of the specific amino acid sequence Asp-Glu-Val-Asp (DEVD) by caspase 3, the linkage between DEVD and fluorescent Rhodamine 110 (R110) was broken to emit fluorescence. The excitation wavelength was set at 485 nm, and the intensity of the emitted fluorescence at 510 nm was recorded by the Victor2 TM 1420 Multilabel Counter on a reader plate. In this experiment, 100 nM staurosporinex (STS) was added to the cells and incubated for 6 h prior to protein purification to induce apoptosis as the positive control. The fluorescence intensity was normalized by the protein concentration in each group to assess the relative caspase 3 activity. The relative caspase 3 activity of SW620 cell without treatment with OA was defined as 100%. Each experiment was repeated using 3 batches of culture cells (n=3). Data are presented as mean ± SD.
Transfection for TFAM knockdown. Two small hairpin RNA (shRNA) oligonucleotides, constructed into pLKO.1 DNA backbone, respectively, were supplied by the National RNAi Core Facility of Academia Sinica in Taiwan (http://rnai. genmed.sinica.edu.tw/index.asp). They were named as vector-#4 and -#5, and were used to knock down TFAM expression (22, 27) . The oligonucleotide sequences against TFAM mRNA of vector-#4 and -#5 were: 5'-CGTTTATGT AGCTGAAAGATT-3' and 5'-GCAGATTTAAAGAACAGC TAA-3' , respectively; the oligonucleotide 5'-CAAATCACAGA ATCGTCGTAT-3', specific to the gene coding for luciferase (Luc), was constructed as the control vector. With the facilitation of Lipofectamine 2000, 4 µg of vector DNA was transfected into the SW620 cells (10 6 cells in a 6-well plate) (42) . The culture medium containing 1 µg/ml puromycin (lethal dose for SW620) was used for clone selection. The SW620 cells harboring the control vector, knockdown vector-#4 and -#5 were named SW620-Control, SW620-KD#4 and SW620-KD#5, respectively.
Oxygen consumption rate and respiratory control ratio. The cellular oxygen consumption rate (OCR, nmol/min/10 6 cells) was measured by a 782 Oxygen Meter (Strathkelvin Instruments, Scotland, UK) at 37̊C under a circulating water system (22, 43) . During the steady state (10 6 cells in the assay mixture), digitonin was added at a final concentration of 0.0006% to pierce the plasma membrane and enable direct exposure of the respiratory enzyme complexes to the substrates and inhibitors. Succinate and ADP were added sequentially to final concentrations of 10 and 1 mM, to measure the OCR-Succinate and OCR-ADP values, respectively. The respiratory control ratio (RCR) was defined and calculated as the ratio between OCR-ADP to OCR-Succinate to assess the integrity of the structure and function of mitochondria (44, 45) . Each experiment was repeated using three batches of cultured cells (n=3).
Total intracellular ATP content. The intracellular ATP content (fmol/cell) was measured using the ATP Bioluminescent Somatic Cell Assay kit (Sigma-Aldrich) (22) . Under steady state, cells were trypsinized, re-suspended and mixed with Somatic Cell Releasing Reagent, and then transferred to a black OptiPlate-96F 96-well reader plate (Packard Biosciences, Perkin-Elmer) containing the ATP assay mixture. The luminescence intensity was measured using the Victor2™ 1420 Multilabel Counter and was normalized by the cell number. Each experiment was repeated using three batches of cultured cells (n=3).
Lactate production rate. Under steady state, cells were washed with phosphate-buffered saline (PBS) and added to fresh growth medium in an incubator at 37̊C for 4 h. An aliquot of 10 µl medium was then transferred to a 96-well plate and mixed with the Lactate Reagent (Trinity Biotech Plc., Bray, Ireland). The absorbance at 540 nm was measured on an ELISA reader (BioTek PowerWaveX 340; Boston Laboratory Equipment, Boston, MA, USA) and was normalized by the cell number to calculate the lactate production rate (ng/h/10 4 cells) (22, 43) . Each experiment was repeated using three batches of cultured cells (n=3).
Transwell migration and invasion assays. Transwell migration or invasion activity was assayed using Millicell hanging cell culture inserts harboring 8-µm pores (Millipore, Bedford, MA, USA) coated with or without Matrigel placed into a 24-well plate (22, 27) . Growth medium (400 µl) containing RPMI-1640 plus 10% FBS was added to the 24-well plate, and 5x10 4 cells suspended in 150 µl of growth medium containing RPMI-1640 plus 1% FBS were seeded in the insert. After incubation for 24 h, cells were removed from the upper surface of the membranes of the insert with a cotton swab. Cells that migrated or invaded to the lower surface were fixed with methanol for 20 min and stained with Hoechst 33342 (1 µg/ml; Sigma-Aldrich). Three random areas under a light microscope (magnification, x40) were selected to count the migrated/invaded cells and to obtain the average cell number (cells/field) (22, 27) . Each experiment was repeated using three batches of cultured cells (n=3).
Intracellular ROS levels. The intracellular level of H 2 O 2 was determined as previously described (46) . Approximately 3x10 6 cells were seeded in a 6-cm dish, and 2 ml of medium containing 2'-7'-dichlorofluorescin diacetate (DCFH-DA; 40 µM) was added and incubated at 37̊C for 20 min. After trypsinization, cells were subjected to analysis on a flow cytometer (Model EPICS XL-MCL, Beckman-Coulter, Miami, FL, USA). The excitation wavelength was set at 488 nm, and the intensity of emitted fluorescence of 10,000 cells at 525 nm was recorded. The data were analyzed by EXPO32 software (Beckman-Coulter). Each experiment was repeated using three batches of cultured cells (n=3).
The intracellular levels of O 2 -• were also determined as previously described (46) . Approximately 3x10 6 cells were seeded in a 6-cm dish, and 2 ml of medium containing hydroethidine (HE; 5 µM) was added and incubated at 37̊C for 20 min. After trypsinization, cells were subjected to analysis on a flow cytometer (Model EPICS XL-MCL). The excitation wavelength was set at 488 nm and the intensity of emitted fluorescence of 10,000 cells at 580 nm was recorded. The data were analyzed using EXPO32 software. Each experiment was repeated using three batches of cultured cells (n=3).
Preparation of cellular DNA, RNA and proteins. Extraction of cellular DNA and RNA and its reverse-transcription to cDNA as well as protein purification were performed as previously described (27, 47, 48) .
Collection of clinical samples and DNA extraction.
A total of 33 CRC patients who had received surgical resection at Taipei Hospital, Ministry of Health and Welfare (New Taipei City, Taiwan) were retrospectively collected and their pathological slides were reviewed by an experienced pathologist. Representative tumor foci without tumor necrosis and without lymphocyte infiltration were identified, and thin slices ~5-µm in thickness from paraffin-embedded tissue blocks were prepared for DNA extraction. Simultaneously, the paired non-cancerous regions were also collected as control. After de-waxing and re-hydration processes, tissue samples were mixed with 500 µl of the DNA extraction solution (QuickExtract; Epicenter, Madison, WI, USA) to extract total cellular DNA at 65̊C for 3 h as previously described (20, 21) . The DNA samples were kept at -20̊C until use.
Determination of relative mtDNA copy number and mRNA expression levels. Quantitative polymerase chain reaction (qPCR) using SYBR-Green I (Roche Applied Science, Penzberg, Germany) was employed to determine the threshold cycle (Ct) for the calculation of relative mtDNA copy number and relative mRNA expression levels of specific genes by the 2 -ΔΔCt method (47) (48) (49) . The mtDNA copy number is defined as the total copies of tRNA Leu (UUR) (mtDNA) relative to the total copies of 18S rRNA (nDNA). The mRNA expression level was defined as the total cDNA copies of the gene of interest relative to the total cDNA copies of 18S rRNA.
For analysis of the cellular mtDNA copy number or target gene mRNA expression level in the SW620 and SW480 cells, the value of SW480 was taken as 1.00. Each experiment was repeated using three batches of cultured cells (n=3). For analysis of clinical samples, the 143B cell DNA (1 ng/µl) was loaded as a control in each run of qPCR and the mtDNA copy number of 143B cells was adjusted as 1.00. Furthermore, we defined mtDNA copy ratio as the mtDNA copy number of the tumor part divided by the mtDNA of the non-tumor part for each CRC patient. The oligonucleotide sequences of primers are summarized in Table I (22, 27, 48) .
Determination of relative protein expression levels.
The relative protein expression levels of the genes of interest were determined using western blotting. An aliquot of 50 µg of total cellular proteins was separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then blotted onto a piece of BioTrace™ polyvinylidene difluoride (PVDF) membrane (Pall Corporation, Pensacola, FL, USA). Non-specific bindings were blocked with 5% skimmed milk in a Tris-buffered saline Tween-20 (TBST) buffer (50 mM Tris-HCl, 150 mM NaCl and 0.1% Tween-20, pH 7.4). The membrane was subjected to specific primary antibodies against target proteins, as listed in Table II , and was incubated for 16 h at 4̊C (22, 50) . β-actin was used as the internal control. The membrane was then incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature, the protein band was visualized on X-ray film (Fujifilm, Tokyo, Japan) using enhanced chemiluminescence (ECL) reagents (GE Healthcare, Chalfont, UK). The band density was scanned by a densitometer to calculate the relative protein expression levels. Each experiment was repeated using three batches of cultured cells (n=3).
Statistical analysis. The continuous variables between two or among three or more independent groups were analyzed using Student's t-test or Mann-Whitey U test (two groups)/or the one-way analysis of variance (ANOVA) or Kruskal-Wallis H test (three or more groups) when appropriate. Significant difference was considered at a P-value <0.05. 
Results

Difference in metabolic profiles, ROS levels and invasive activity between SW480 and SW620 CRC cell lines.
The metastatic SW620 cells exhibited a higher percentage of fibroblast-like morphology than did primary SW480 cells under light microscopy ( Fig. 1) . Regarding the metabolic profiles of mitochondria ( Fig. 1 and Table III) , SW620 cells had a higher mtDNA copy number (2.05±0.57 vs. 1.00±0.00, P=0.006), higher ADP-stimulated OCR (3.41±0.02 vs. 2.94±0.09, P=0.020) and higher respiratory control ratio (RCR, 1.90±0.03 vs. 1.57±0.06; P=0.018) of succinate-supported respiration rate than did SW480 cells. SW620 cells had higher mRNA and protein expression levels of mitochondrial biogenesis-related proteins including the mRNAs for peroxisome proliferator-activated receptor γ coactivator 1-α (PGC-1α, 6.90±0.71 vs. 1.00±0.00, P=0.007) and TFAM (2.58±0.20 vs. 1.00±0.00, P<0.001) (Table III) , and proteins for TFAM (4.01±0.48 vs. 1.00±0.00, P<0.001) and pyruvate dehydrogenase (PDH) (1.56±0.11 vs. 1.00±0.00, P=0.001) (Fig. 1) than did SW480 cells. SW620 cells also expressed higher protein levels of mitochondrial respiratory enzyme complexes including mtDNA-encoded NADH dehydrogenase subunit 6 (ND6, subunit of complex I, 1.63±0.13 vs. 1.00±0.00, P=0.001) and cytochrome c oxidase subunit II (COX-II, subunit of complex IV, 1.75±0.07 vs. 1.00±0.00, P=0.004) (Fig. 1) , and nDNA-encoded NADH ubiquinone oxidoreductase subunit A9 (NDUFA9; subunit of complex I, 1.60±0.24 vs. 1.00±0.00, P=0.013), iron-sulfur protein subunit B of succinate dehydrogenase (SDHB, subunit of complex II, 2.55±0.67 vs. 1.00±0.00, P=0.016), ubiquinol-cytochrome c reductase core protein I (UQCRC1, subunit of complex III, 1.66±0.35 vs. 1.00±0.00, P=0.032) and UQCRC2 (subunit of complex III, 2.01±0.44 vs. 1.00±0.00, P=0.084) and cytochrome c oxidase subunit IV (COX-IV, subunit of complex IV, 1.86±0.23 vs. 1.00±0.00, P=0.033) (Fig. 1) when compared with the SW480 cells.
Regarding the metabolic profile of glycolysis ( Fig. 1 1.00±0.00, P=0.036) (Fig. 1 ) when compared with these levels noted in the SW480 cells.
Effects of oligomycin A on cell viability, caspase 3 activity, metabolic profiles, ROS levels and invasion activity of SW620 cells. Regarding cell viability (Fig. 3A) , there were Figure 1 . SW620 cells expressed a higher percentage of fibroblast-like morphology, higher levels of mitochondrial biogenesis-related proteins (ND6, NDUFA9, SDHB, UQCR1/2, COX-II/IV, PDH and TFAM), higher levels of EMT markers (N-cadherin, vimentin and Snail), but lower expression levels of glycolysisrelated enzymes (HK-II, GPI and LDH) than SW480 cells. ND6, NADH dehydrogenase subunit 6; NDUFA9, NADH ubiquinone oxidoreductase subunit A9; SDHB, iron-sulfur protein subunit B of succinate dehydrogenase; UQCRC1/2, ubiquinol-cytochrome c reductase core protein I/II; COX-II, cytochrome c oxidase subunit II; COX-IV, cytochrome c oxidase subunit IV; PDH, pyruvate dehydrogenase; TFAM, mitochondrial transcriptional factor A; HK-II, hexokinase II; GPI, glucose 6-phosphate isomerase; LDH, lactate dehydrogenase.
no obvious differences between SW620 (as control at 24 and 48 h, 100.0±0.0%) and SW620 cells treated with OA at 10 µg/ml for 24 h (SW620 OA-10 24 h, 95.0±4.1%, P=0.167), between SW620 (100±0.0%) and SW620 cells treated with Table III . Differences in metabolic profiles, ROS intensity and migration/invasion activities between primary SW480 and metastatic SW620 CRC cell lines. OA at 10 µg/ml for 48 h (SW620 OA-10 48 h, 90.1±8.2%, P=0.172), and between SW620 (100.0±0.0%) and SW620 cells treated with OA at 20 µg/ml for 24 h (SW620 OA-20 24 h, 80.4±17.4%, P=0.191). However, SW620 cells (100.0±0.0%) had a significantly higher cell viability than did SW620 cells treated with OA at 20 µg/ml for 48 h (SW620 OA-20 48 h, 64.7±5.9%, P= 0.009). In light of these findings, we did not perform the comparison for SW620 cells treated with OA at 20 µg/ml for 48 h. In the analysis of the caspase 3 activity (Fig. 3B) , we found no significant difference between SW620 (100.0±0.0%) and SW620 treated with OA at 10 µg/ml for 24 h (SW620 OA-10 24 h, 121.7±7.5%, P=0.152), between SW620 (100.0±0.0%) and SW620 treated with OA at 10 µg/ml for 48 h (SW620 OA-10 48 h, 131.0±6.2%, P=0.089) and between SW620 (100.0±0.0%) and SW620 cells treated with OA at 20 µg/ml for 24 h (SW620 OA-20 24 h, 109.4±8.6%, P=0.362). However, these values were all much lower than those of SW620 cells treated with STS (343.7±12.5%, P<0.05).
As shown in Table IV , from SW620 to SW620 cells treated with OA at 5 and 10 µg/ml for 24 h, there were progressive decreases in ADP-stimulated OCR (3.41±0.02 vs. 1.20±0.14 vs. 1 Table IV . Alterations of ADP-stimulated OCR and RCR of succinate-supported respiration and Transwell invasion activity in SW620 cells after treatment of cells with oligomycin A.
SW620 SW620 ------------------------------------------------------
Oligomycin A (µg/ml) 5 (Table V) . There were no significant differences in the lactate production rate (206.5±15.8 vs. 195.8±12.0, P=0.667), and intracellular level of O 2 -• (1.00±0.00 vs. 1.05±0.01, P=0.333) between SW480 and SW620 cells treated with OA at 20 µg/ml for 24 h (Table V) .
-----------------------------------------------------
After treatment of SW480 and SW620 cells with OA at 10 and 20 µg/ml for 24 h, respectively, we found no obvious changes in the protein expression levels of glycolytic enzymes including HK-II and LDH. However, the protein expression level of vimentin was decreased in SW620 cells, but unchanged in SW480 cells (Fig. 4) .
Alterations in metabolic profiles, ROS levels and invasion activity after knockdown of TFAM in SW620 cells.
Between the parental SW620 and the SW620-Control cells, there were no obvious differences in the protein expression levels of TFAM, Snail, N-cadherin and vimentin (Fig. 5) Figure 4 . Protein expression levels of glycolytic enzymes HK-II and LDH were stable while EMT marker vimentin was progressively decreased in SW620 cells after treatment for 24 h with oligomycin A (OA) at 10 and 20 µg/ml, respectively. However, no significant changes were noted in SW480 cells treated with OA. HK-II, hexokinase II; LDH, lactate dehydrogenase. Table V . Alterations of lactate production rate, relative intracellular ROS intensity and Transwell migration activity in SW620 cells after the treatment of oligomycin A.
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Oligomycin A ( µg/ml) 10 10 P=0.669) ( Table VI) . The consequences of TFAM knockdown were evaluated and compared between the SW620-Control and SW620-KD#4 as well as between the SW620-Control and SW620-KD#5 cells, respectively. Compared to the SW620-Control, both SW620-KD#4 and SW620-KD#5 cells had lower protein levels of TFAM, Snail, N-cadherin and vimentin (Fig. 5) (Table VI) . However, the protein expression levels of GPI and LDH in the SW620-KD#4 and SW620-KD#5 cells were not significantly different from those of the SW620-Control cells (Fig. 6) . Figure 6 . A decrease in the expression levels of mtDNA-encoded proteins ND6 and COX-II without a change in nDNA-encoded SDHA, no change in glycolysis-related enzymes LDH and GPI but an increase in HK-II were noted in the SW620 cells following knockdown of TFAM. ND6, mtDNA-encoded NADH dehydrogenase subunit 6; COX-II, mtDNA-encoded, cytochrome c oxidase subunit II; SDHA, nDNA-encoded, SDHA, succinate dehydrogenase complex flavoprotein subunit A; HK-II, hexokinase II; GPI, glucose 6-phosphate isomerase; LDH, lactate dehydrogenase.
--------------------------------------------------------------------------------------
Table VI. Alterations in metabolic profiles, ROS intensity and invasive activity after the knockdown of TFAM in metastatic SW620 cell line. Clinical parameters and mtDNA copy ratio. The relationships between the clinical parameters and the mtDNA copy ratios in the tumor tissues of CRC patients are presented in Table VII . We found that deeper tumor invasion beyond the submucosa layer (T2/T3/T4 vs. T1; 1.22±0.83 vs. 0.64±0.32, P=0.025) and longer tumor length (>2 vs. ≤2 cm; 1.25±0.89 vs. 0.84±0.34, P=0.069) were associated with a higher mtDNA copy ratio in the tumor tissues of the CRC patients examined.
Discussion
Phenotypically, SW620 cells were found to have a higher Transwell migration activity than do SW480 cells. Biologically, SW620 cells exhibited higher expression of mitochondrial biogenesis-related proteins, higher OCR and higher expression of EMT markers, but lower ROS production, lower glycolytic enzyme and lower lactate production rate than SW480 cells (Table III and Tables IV and VI) . Clinicopathologically, the colorectal cancer (CRC) tumors that invaded beyond the submucosa layer or that had a longer tumor length, had higher mtDNA copy ratios (Table VII) . These findings substantiate the notion that suppressed mitochondrial function or low mtDNA copy number may contribute to a decrease in the invasion activity of CRC cells. However, these findings are different from the well-known Warburg effect. Thus, further studies are warranted using more tumor specimens of CRC patients at different clinical stages, different CRC cell lines, or using other agents to suppress mitochondrial function in the near future. Impairment or suppression of mitochondria in human cancers was first described by Dr Warburg based on his finding of enhanced glycolysis in cancer tissue even when the oxygen supply is sufficient (4, 6) . As a result, some cancer researchers claimed that mitochondrial dysfunction may be involved in the carcinogenesis and progression of cancers (51) (52) (53) (54) . However, there are conflicting results. During the past two decades, alteration of mitochondrial biogenesis has been evaluated and discussed in many human cancers (15, 23, 55, 56) . A decrease in mtDNA copy number, an increase in oxidative mtDNA damage or decreases in the activities of respiratory enzyme complexes have been observed in human lung, gastric and breast cancer, renal cell carcinoma and esophageal cancer (26, 28, 57, 58) . On the contrary, increases in mtDNA copy number or mitochondrial function were found in esophageal cancer or head and neck cancer during carcinogenesis or progression of cancers (18, 21, 22, 59) . With regard to the mitochondrial alterations in human CRC, some reseachers have demonstrated an increase in mtDNA copy number or increased expression of mtDNA-encoded ND2 (60) (61) (62) (63) . In contrast, some showed a decrease in mtDNA copy number, a decrease in mitochondrial function or the presence of mDNA mutation (64) (65) (66) . Whether mitochondrial biogenesis is suppressed, amplified or dysfunctional in human cancers, including CRC, has remained a puzzle.
Recently, the concept of glucose metabolic switch (the Warburg effect) has been associated with metabolic reprogramming in cancer mitochondria. In other words, the consideration of maximal bioenergetic demand has been shifted to the regulation of both biosynthetic and energetic demands (67) (68) (69) . For a given cancer cell, it needs an ATP supply, but also carbohydrate, lipid and protein synthesis to support cancer growth. After glucose uptake and glycolysis, PDH may convert pyruvate to acetyl-CoA to enter the Krebs cycle in the mitochondria. The Krebs cycle can offer high energy intermediates, NADH or FADH 2 , for subsequent electron transport and ATP production and can offer citrate, which can be exported from the mitochondria to the cytosol, to re-form acetyl-CoA for lipid synthesis in the cytosol. PDH plays an important role in metabolic reprogramming of human cancer. Intriguingly, Koukourakis et al demonstrated that when lung tissues of cancer patients exhibited decreased PDH expression (suggesting the shutdown of oxidative metabolism or metabolic reprogramming) and decreased LDH5 expression (suggesting a shutdown of Warburg effect and glucose metabolic switch), they had the best prognosis (70) . This explains why SW620 cells harboring higher protein levels of PDH and TFAM expression, indicating a higher biosynthetic and energetic activity, had a higher Transwell migration activity than did the SW480 cells (Figs. 1 and 2) . Indeed, several studies have suggested that most cancer mitochondria are not impaired in executing oxidative phosphorylation. Nevertheless, they are reprogrammed to meet the need of biosynthesis of macromolecules and growth of human cancer (67) (68) (69) (70) (71) (72) (73) . Furthermore, (22, 73) . Whether mitochondrial function does affect the invasion activity of CRC cells, suppression of mitochondrial function of SW620 cells could confer SW620 cells a phenotype with lower invasion activity. After treatments of cancer cells with 5, 10 and 20 µg/ml of OA, we demonstrated that the OA-treated SW620 cells exhibited decreased Transwell migration activity and decreased vimentin expression, increased ROS production and increased lactate fermentation which mimicked SW480 cells ( Fig. 4 ; Tables IV and V). OA is commonly used to suppress mitochondrial production of ATP. Different concentrations of OA have been used, including 0.5 µg/ml for HepG2 cells (77), 2.5, 5, 10 and 25 µg/ml for human chondrocytes (40), 10 µg/ml for adipose tissue cells (38) , and 15 µg/ml for SKBR3 and 4T1 breast cancer cells (39) . The concentrations of 5, 10 and 20 µg/ml of OA were thus used in the present study.
Such a high OA concentrations in the present study did confer SW620 cells the ability to exhibit some characteristics similar to SW480 cells (Tables IV and V) , but did not cause an obvious decrease in cell viability or increase in caspase 3 activity in the SW620 cells (Fig. 3A and B) . However, it seemed to markedly suppress the mitochondrial function in SW620 cells (Table IV) . This indicates a near-complete suppression of mitochondrial function of SW620 cells, which is not applicable in a physiological condition. As a result, we further conducted the knockdown of TFAM in SW620 cells to test our hypothesis. The TFAM-knockdown SW620 cells did display lower RCR, but not as low as the results following OA treatment (Tables IV and VI) . The TFAM-knockdown SW620 cells expressed lower levels of mtDNA-encoded polypeptides (ND6 and COX-II, Fig. 6 ), but increased intracellular ROS production and a lactate production rate (Table VI) and HK-II protein expression (Fig. 6) . Subsequently, the TFAM-knockdown SW620 cells expressed lower protein levels of EMT markers including Snail, N-cadherin and vimentin (Fig. 5 ) and lower Transwell invasion activity (Table VI) . It is worth mentioning that SW620-KD#4 and SW620-KD#5 cells did express lower mtDNA-encoded ND6 and COX-II without obvious alteration in nDNA-encoded SDHA (Fig. 6) , which have convinced us that these are caused by the selective effect of TFMA knockdown rather than off-target effects. However, some differences existed between the SW620-Control and the parental SW620 cells, including RCR and Transwell invasion activity. The possible effects of scramble Luc-vector, the facilitation of Lipofectamine 2000, and the addition of puromycin for clone selection may account for these differences. On the contrary, we tried to further evaluate the effects of overexpression of TFAM on the OCR, ROS, EMT markers, and invasion of SW480 and SW620 cells to test our hypothesis. We found that SW480 with TFAM overexpression did show increased expression of COX-II, Snail and vimentin (data not shown). The preliminary data indicated that mitochondrial function may serve an important role in the invasiveness of human CRC cells. More investigations, either in vitro or ex vivo studies, are needed in the near future to generate a clear picture of mitochondrial function in the invasion and progression of human cancers.
The novel role of TFAM in human colon cancer has been a hot research topic. Studies have shown that p53 increases mtDNA copy number via upregulation of TFAM, and a high level of TFAM expression was found to be associated with a poor prognosis in CRC patients (60, 78, 79) . Some investigators further claimed that TFAM may be involved in the carcinogenesis of CRCs. TFAM and mitochondrial function in human CRCs deserve further studies in the future.
A difference in ROS production was also observed between SW480 and SW620 CRC cells, and between SW620 and SW620 cells with suppressed mitochondrial function through OA treatment or TFAM knockdown (Tables III, V and VI) . Several recent studies suggest that mitochondria can generate some retrograding signals, ROS included, for cellular adaptation or cancer invasion (80) (81) (82) . The endogenous ROS generated from mitochondria through electron leak can cross the mitochondrial membrane to regulate several proteins, transcriptional factors and transcriptional co-activators, e.g., PCG-1α as demonstrated in the present study (Table III) (83, 84) . PCG-1α has also been shown to play an important role in the regulation of TFAM (11) . Abrupt production of ROS may be hazardous to living cells through the triggering of necrosis or apoptosis. Moderate levels of ROS may act as regulatory mediators in signaling processes. Sustained increase in the production of ROS is implicated in the pathogenesis of cancer and other diseases (85) (86) (87) . However, the suitable levels or thresholds of mitochondrial ROS for cancer carcinogenesis, progression or invasion were not clearly demonstrated in the present study and have remained unclear (88, 89) .
Another important finding of the present study is amplified lactate fermentation of SW620 cells with suppressed mitochondrial function, and the difference in glycolysis between SW480 and SW620 cells (Tables III, V and VI) . Since similar ATP levels were found in SW480 and SW620 cells, it seems reasonable to conjecture that the increase in lactate fermentation is compensated for the defects in mitochondrial function as described by . However, some researchers suggest that lactate fermentation from amplified glycolysis may confer several advantages for carcinogenesis, proliferation and progression of cancers by providing precursors for DNA/RNA synthesis and eradicating ROS by NADPH produced from the pentose phosphate pathway (PPP) (52, 89, 90) . The PPP is an offshoot pathway parallel to glycolysis that generates NADPH and 5-carbon sugars for biosynthesis of nucleotides (52, 89) .
Recent studies indicate that proto-oncogenes, tumorsuppressor genes and specific signaling pathways may participate in the regulation of metabolic reprogramming or increase of glycolysis, including PI3K/Akt/mTOR1 and HIF-1/PDK1/PDH pathways, c-myc oncogene activation, and mutant p53 tumorsuppressor gene (5, 80, (91) (92) (93) (94) (95) . However, the detail mechanism involved in CRC invasion deserves future study.
Regarding the difference between cancer cell invasion activity between SW480 and SW620 cells, some controversies exist. We and some researchers have demonstrated that SW620 cells have a higher invasion activity than SW480 cells (34, 96, 97) . On the contrary, higher invasion activity of SW480 cells was observed in other studies (50, 98, 99) . Differences in the culture medium, cell migration assay, and activation of signaling pathways may account for these differences. The tumor microenvironment seems to be another important issue in cancer cell adaptation to different cancer invasion phenotypes (100) .
In summary, the above-mentioned findings suggest that a sufficient supply of ATP by mitochondrial respiration and oxidative phosphorylation is essential for migration and invasion of CRC cells. Metabolic reprogramming, amplified glycolysis and mitochondrial retrograde signaling are advantageous for cancer cells to achieve effective adaption to the microenvironment. However, the checkpoint and mechanism with which to trigger metabolic reprogramming and cancer invasion have remained a puzzle. We speculate that this type of metabolic plasticity may be a signature of malignant cancer cells, which may explain the failure of many anticancer therapies.
